Digital x-ray radiography and computed tomography methods are commonly used to characterize mesoscale objects (mm size objects with µm size features). However the ability of these methods to provide high spatial resolution images is dependent, in part, on object recovery algorithms that account for phase effects [1] . The objective of this work is the development and validation of algorithms to model phasecontrast effects observed in x-ray radiographic systems, and to use these algorithms for quantitative object recovery. This work has three distinct tasks. First, we are modifying HADES [2, 3] to model x-ray phase contrast and are investigating whether multislice techniques within the object are needed to fully capture the physics seen in xray data. Second, we are developing object recovery approaches. Third, we are validating these simulations against x-ray systems using well-known objects. At the end of this R&D, we will have a set of validated x-ray forward modeling codes including the effects of phase and an understanding of the current object recovery methods limitations.
In the past year, we have fully integrated the Fresnel-Kirchoff diffraction theory into HADES modeling. This required an upgrade of HADES' calls to the The resolution of x-ray images has improved to the point that spatial resolution and object dimensions could theoretically result in the wave diffraction effects within the object becoming significant. We studied this possibility numerically using four simulation codes that incorporate x-ray phase effects. We refer to them as (1) The paraxial approximation multi-slice simulation code; (2) A Kirchoff propagation simulation code; (3) A Mie type analytical simulation code [4] ; and (4) HADES.
The paraxial approximation code with and without a multislice method and the Kirchoff propagation code were used to model at worstcase x-ray energies of ~8-keV and compared these results to empirical data. The conclusion, based upon the results of the validated simulation codes, is that diffraction effects within the object are insignificant for >= 8 keV x-rays data with ~1-µm spatial resolution and for objects up to 10 mm ( Figure 2 ).
A number of approaches have been developed for recovering phase from mesoscale radiographs. A certain class of phase recovery techniques employs differential equation solvers (Multi-Grid techniques) to solve for the electron density. We have implemented the most straightforward technique, which applies to the case of weak absorption and uniform irradiance. We have applied Multi-Grid techniques to both synchrotron and non-synchrotron data. An example of results for a point-projection non-synchrotron system (Xradia Micro-XCT) is shown in Figure 3 . Comparisons with simulated data have shown the range of these techniques to be limited to cases of 90% transmission or better for simple geometric objects. Most of our data are on order of 20% transmission for objects with complex geometry and thus this object recovery method is not very useful for most of our data. Furthermore, we have found these techniques to be sensitive to clutter in the scintillator and small aberrations in the optics used to couple the light from an x-ray scintillator to a CCD camera. The 'multi-slice' phantom was fabricated to contain either 6-µm outer-diameter carbon fibers or 4-µm outer-diameter tungsten wires in various pre-selected configurations. The fibers or wires are attached to a base and slide that is adjustable in separation length from 2 to 10.2 mm. Three 5-µm carbon fibers were inserted into the multi-slice phantom and the phantom was oriented such that the fibers were vertical in the digital radiographs [see Figure 3 (a)] and rotation could be used to align the two carbon fibers that were separated by 10.2 mm.
